The herbicide suphometuron methyl inhibits the utilization of pyruvate and 2-ketobutyrate by the branched-chain amino acid biosynthetic enzyme acetolactate synthase. Eighteen insertions of the transposon TnlO into the genome of Salmonella typhimurium LT2 caused hypersensitivity to this herbicide. Five of these insertions conferred a partial auxotrophic requirement. Concurrent herbicide sensitivity and heat-labile pantothenate auxotrophy was due to panD : : TnlO mutations, while coincident sulphometuron methyl sensitivity and thiamin auxotrophy was attributable to thiA : : TnlO mutations. The phenotypes of these mutations suggested that coenzyme A and thiamin pyrophosphate availability modulated the cells' response to sulphometuron methyl. A model suggesting a key role for 2-ketobutyrate accumulation in herbicide action is supported by the function of thiamin pyrophosphate in 2-ketoacid metabolism and the known role of a 2-ketoacid in coenzyme A synthesis.
INTRODUCTION
Sulphometuron methyl is a potent and specific inhibitor of the biosynthetic enzyme acetolactate synthase (ALS, EC 4.1.3.18; LaRossa & Schloss, 1984) , which catalyses the parallel reactions 'vlp' and 'i' of isoleucine and valine biosynthesis ( Fig. 1 ; Umbarger, 1987) . In Escherichia coli grown on minimal medium, only one-fifth of the pyruvate is consumed by ALS in reactions 'vlp' and 'i' (Holms, 1986) . In contrast the 2-ketobutyrate, produced by threonine deaminase (EC 4.2.1.16) , is presumed to be quantitatively utilized by ALS in isoleucine synthesis. The activity of threonine deaminase is allosterically inhibited by the pathway endproduct, isoleucine (Umbarger, 1987) . Two ALS isoenzymes are found in Salmonella typhimurium (Umbarger, 1987) . The ilvGM-encoded, sulphometuron methyl sensitive (LaRossa & Schloss, 1984) ALS I1 is competent in both reactions 'i' and 'vlp' while the iluBN-encoded, sulphometuron methyl insensitive (LaRossa & Smulski, 1984 ) ALS I does not efficiently catalyse reaction 'i' (Shaw & Berg, 1980; Primerano & Burns, 1982; Barak et al., 1987; . Although valine inhibits ALS I, the activity of ALS I1 is not subject to end-product inhibition (Umbarger, 1987) . Accumulation of 2-ketobutyrate is observed when ALS I is the only active isoenzyme present during periods of isoleucine deprivation in S. typhimurium Primerano & Burns, 1982) . ALS I1 may be specifically inactivated by ilvGM mutations (Umbarger, 1987) or by administration of sulphometuron methyl (LaRossa & Schloss, 1984) ; in both cases ALS I remains functional (LaRossa & Smulski, 1984; Umbarger, 1987) .
Accumulation of 2-ketobutyrate is toxic to S. typhimurium Primerano & Burns, 1982) and E. coli (Danchin et al., 1984; Daniel et al., 1983) . The molecular bases of this toxicity, though extensively debated (reviewed in LaRossa & , have proven refractile to genetic definition. The clinical (Benson & Fensom, 1985) and agronomic (reviewed in LaRossa & relevance of 2-ketobutyrate toxicity as well as its utility as a Abbreviations: ALS, acetolactate synthase; PYRIMIDINE, 4-amino-5-hydroxymethyl-2-methylpyrimidine; THIAZOLE, 4-me t hyl-5-(2-hydroxye thy1)t hiazole. physiological (e.g. LaRossa et a/., 1987) and a genetic (Vinopal, 1987) tool underscores the need to understand its biochemical causes. It has been suggested that accumulated 2-ketobutyrate interferes with anabolic reactions involving 2-ketoisovalerate (Primerano & Burns, 1982; . This latter compound occupies a biosynthetic branch point: it is utilized in the synthesis of coenzyme A, leucine and valine.
To address the causes of 2-ketobutyrate toxicity, we have analysed a series of TnlO insertion mutations that confer sulphometuron methyl and 2-ketobutyrate sensitivity upon S. typhimurium (Van Dyk & LaRossa, 1986) . In this report we demonstrate that a subset of such sensitive mutations maps to loci involved in the biosynthesis of the vitamins pantothenate and thiamin and confers a leaky auxotrophic (bradytrophic) phenotype. We then discuss a model relating sulphometuron methyl sensitivity, 2-ketobutyrate sensitivity, thiamin pyrophosphate availability and coenzyme A production. Strain   LT2  DU8 123  PanD121  SA2595  SA2628  SA26297  SA26307  SA2632  SAR3  SARll  SMR 102  SMS103  SMS429  TE162-5  TE341  TR5670  TV135   TV145  TV153   TV 154 TV 159 TV160 were applied to the plates as crystals or as 2 p1 portions of stock solutions. Growth stimulation was scored after overnight incubation at the indicated temperatures. Auxanography was performed as described by Davis et al. (1980) . Crossfeeding experiments were done by the proximal streaking of strains on medium E supplemented with 0.4% glucose. Generation times of 5 ml cultures in 50 ml Erlenmeyer flasks shaken at 250 r.p.m. in a water bath were determined with a Klett-Summerson colorimeter equipped with a red (no. 66) filter. Genetics. Crosses were done by P22-mediated generalized transduction (Davis et al., 1980) , utilizing P22HTAint-4 as the vector.
Sulphometuron methyl sensitivity. This parameter was quantified using the disk diffusion assay on minimal medium that has been described previously (LaRossa & Van Dyk, 1988; LaRossa & Schloss, 1984) . The resistance or sensitivity to the combination of sulphometuron methyl and adenine was scored by replica-plating onto minimal medium containing 100 pM-sulphometuron methyl and 500 pM-adenine.
Degradation of2-ketobutyrute. This in vivo pulse/chase assay, which measures 2-ketobutyrate consumption by all activities other than ALS, was performed as described previously LaRossa & Van Dyk, 1988) . In this assay cells are exposed to radiolabelled L-threonine for 20 min at the indicated temperature in the presence of the ALS inhibitors L-valine and sulphometuron methyl. The fate of the radiolabelled 2-ketobutyrate formed from the threonine during the pulse phase is monitored during the chase period initiated by the inhibition of threonine deaminase by added isoleucine.
Aspartate I-decurboxylase. The assay of this enzyme (EC 4.1.1.11) was modified from the method of Cronan (1980) . One-litre cultures were grown aerobically to late exponential phase (approximately 1.5 x lo9 cells ml-l) at 37 "C in LB medium. Cultures were cooled on ice prior to collection by centrifugation at 4 "C. The subsequent manipulations were performed at 4 "C unless another temperature is specified. The pelleted cells were resuspended in 75 ml cold water. Pellets resulting from a second centrifugation were resuspended in 20 ml water. These suspensions were kept at 0 "C for 30 min (Cronan, 1980) to release the intracellular amino acid pool (Britten & McClure, 1962) . After collection by centrifugation, the packed cell pellets were frozen in an ethanol/dry ice bath prior to storage at -70 "C. Thawed pellets (1.5-2.0 g) were resuspended in 5 ml 0.1 M-pOtaSSiUm phosphate, pH 6.8. Cells were broken by sonication in eight 15 s bursts, with 15 s between each burst (LaRossa & Smulski, 1984; Spitzer et al., 1988) . Sonicates were clarified by centrifugation at 6000g for 10 min.
A competing aspartase activity was inactivated by heating as described by Cronan (1980) . The solution was then placed on ice for 5 min. The supernatant resulting from centrifugation for 30 min in an Eppendorf microfuge at 16000g was the source of aspartate 1-decarboxylase activity. The protein content of this supernatant was estimated by the method of Bradford (1976) .
The formation of /3-alanine from radiolabelled L-aspartic acid was the basis of the aspartate l-decarboxylase assay (Cronan, 1980) . The reaction was carried out in 23yM-L-aspartic acid at a specific activity of 220 mCi mmol-l (8.14 GBq mmol-l), 0.1 M-potassium phosphate, pH 6.8. Reactions were initiated by the addition of 0-45 pg protein from the heat-treated extract to the otherwise complete assay mixture that had been preincubated at 37 "C for 5 min. After 120 min incubation at 37 "C, reactions were terminated by the addition of 200 p1 ethanol. Then 5 pl0.2 mM-/3-alanine, 0.2 mM-L-aSpartiC acid was added as a carrier to each tube prior to centrifugation (2 min at 16000 g) of the ethanol-precipitated material. The resulting supernatant was evaporated to dryness by heating under vacuum using a Speed Vac Concentrator (Savant). The residue was resuspended in 15 p1 ethanol before quantitative spotting to a silica gel TLC plate. Spots of radioactive L-aspartic acid and 8-alanine, which served as markers, were applied separately. Plates were developed twice in ethanol/30% ammonium hydroxide (4 : 1, v/v). The dried TLC plate was subjected to autoradiography at -70 "C for 63 h. Areas of the silica gel were scraped into vials containing 0.5 ml water and 10 ml Aquasol-2 prior to scintillation counting. One unit of activity forms 1 pmol /3-alanine min-l.
RESULTS

Physiological analyses of strains SMSZ03 and SMS429
These strains contain independent insertions of the transposon TnZO that confer a variety of similar phenotypes. These include sensitivity to sulphometuron methyl, sensitivity to 2-ketobutyrate (Van Dyk & LaRossa, 1986) and a most severe inability to degrade 2-ketobutyrate (LaRossa et al., 1987). A growth limitation in minimal medium was evident in strains carrying either insertion. The growth defects and sulphometuron methyl sensitivities of both strains were specifically eliminated by the inclusion of thiamin at 170 ng ml-1 in minimal medium. Compounds incapable of overcoming the growth defects included the 20 common amino acids, nucleic acid precursors (adenosine, guanosine, thymine and uracil), diaminopimelate and a variety of other vitamins including p-aminobenzoic acid, P-alanine, pyridoxine, nicotinate, biotin, pantothenate, lipoic acid, folic acid and riboflavin. Since strains SMR102, SMS103 and SMS429 were equivalently inhibited by the combination of sulphometuron methyl and valine in the presence of thiamin (Table 2) , sulphometuron methyl uptake by the mutants was not antagonized by thiamin to a greater extent than that observed in the control strain. Partial reversal of the combined action of sulphometuron methyl and valine by thiamin has been reported previously (LaRossa & Schloss, 1984) . The generation times of strains SMR102, SMS103 and SMS429 were determined at 37 "C. The growth rates of these strains were quite similar in minimal medium supplemented with thiamin: generation times of 52,46 and 51 min were observed for strains SMR102, SMS103 and SMS429, respectively. In contrast, the generation times of strains SMS103 and SMS429 were considerably longer in unsupplemented minimal media (21 7 and 190 min, respectively) while that of strain SMR102 was almost invariant (54 min).
Pulse-chase experiments demonstrated that the 2-ketobutyrate degradation defects of these strains were modulated by thiamin. Cultures of strains SMS103 and SMS429 grown in the absence of thiamin showed a marked defect in 2-ketobutyrate degradation versus the isogenic control, strain SMR 102 (Fig. 2a-c) . Treatment of the thiamin-starved cultures during the labelling and chase periods with the vitamin resulted in the delayed acquisition of 2-ketobutyrate degradation activity by the mutants (Fig. 2b, c) . More dramatically, the presence of thiamin in both the growth and the assay media completely abolished the 2-ketobutyrate degradation defect of these mutants (Fig. 2d) .
Genetic analyses of strains SMS103 and SMS429 Ten thi genes mapping at six different regions have been identified in either S. typhimurium (Sanderson & Hurley, 1987) or E. coli (Bachmann, 1987) . The TnlO insertions in SMS103 and SMS429 were mapped near metA at minute 89 on the S. typhimurium chromosome. Lysates of phage P22, grown on either strain SMS103 or strain SMS429, were used to transduce the metA.53-containing strain TR5670 to tetracycline resistance. Resultant tetracycline-resistant recombinants were screened for the ability to grow on minimal medium supplemented with thiamin. Twenty-eight prototrophs were identified among 1 327 tetracycline-resistant progeny of the cross between SMS103 and TR5670. A similar distribution of prototrophs (28 among 1407 tetracycline-resistant recombinants) arose from the transductional cross between SMS429 and TR5670. Utilizing the formula of Wu (1966) , the 2% cotransduction of methionine prototrophy with tetracycline resistance suggested that the two insertions are separated from metA by approximately 0.6 min. This map position is consistent with the known location of the thiAC cluster (Sanderson & Hurley, 1987 Our current, sketchy understanding of thiamin biosynthesis is outlined in Fig. 3 (Brown & Williamson, 1987) . This vitamin is formed by the condensation of thiazole and pyrimidine moieties. The ability of the pyrimidine and thiazole components individually to stimulate the growth of strains SMS103 and SMS429 on solidified minimal medium was examined. The growth of each strain was stimulated by the inclusion of either thiamin or the thiazole component of thiamin in the growth medium. The pyrimidine moiety of thiamin was ineffective in promoting growth. Moreover the two strains did not crossfeed when streaked on minimal medium. Together the data suggested that both strain SMS103 and strain SMS429 contained insertions of TnlO into the thiA gene that were not polar on thiB or thiC.
Suppressors of a sulphometuron methyl resistance phenotype
Unlike the wild-type, strains SAR3 and SARl 1 grew on minimal medium supplemented with sulphometuron methyl and adenine. Phage P22 stocks grown on a pool of approximately 4000 TnlO insertion mutants, derived from strain LT2, were used to transduce these strains to tetracycline resistance. Recombinants sensitive to the combined administration of sulphometuron methyl and adenine were obtained.
TnlO insertions in the sensitive recombinants were crossed by phage P22 mediated general transduction into the wild-type parent, LT2. All tetracycline-resistant progeny, arising from crosses utilizing strains TV 1 35, TV 153 and TV 154 as donors, were adenine sensitive, sulphometuron methyl sensitive and grew poorly on minimal medium at 37 "C. Thus, these phenotypes were expressed in the absence of the sar mutations. One isolate (TV145, TV159 and TV160) from each cross was analysed more completely. The independence of the TnlO insertions in these strains could not be ascertained. Subsequent physiological, biochemical and genetic analyses indicated that these strains were quite similar.
Nutritional requirements of the suppressor mutations
Auxanography demonstrated that the leaky auxotrophy of strain TV 145 was satisfied by pantothenate, whose synthetic pathway is depicted in Fig. 4 (Brown & Williamson, 1987; Spitzer et al., 1988) . Pantothenate and its precursor, /I-alanine, supported growth of strains TV145, TV159 and TV160, suggesting that either panD (Primerano & Burns, 1983) or dfp (Spitzer et al., 1988) was inactivated by the TnlO insertion.
Crossfeeding experiments, performed at 37°C between strain TV145 and a number of characterized pan mutants, were consistent with this supposition. As predicted by the known pattern of end-product inhibition (Vallari et al., 1987, see Fig. 4 ), allpan tester mutants were fed by the wild-type. Strain TV145 fed panB strains (SA2629 and SA2630) on minimal medium at 37°C but did not feed panC mutants (SA2628 and SA2632) under the same conditions. Moreover strain TV145 was unable to feed strains PanD121 (iluC8panD121) and DU8123 (ilvC8 panD123) on minimal medium supplemented with isoleucine and valine. Strain TV 145 thus appeared to excrete either pantoate or ketopantoate.
These crossfeeding results and the suppressor mutant's leaky auxotrophy were compatible with strain TV145 containing a mutation in panD, dfp or panE since (a) either of two enzymes, ketopantoic acid reductase (panE) and acetohydroxyacid isomeroreductase (ilvc), is sufficient to catalyse the conversion of ketopantoate to pantoate in vivo (Primerano & Burns, 1983) and ( 21) mutations in either dfp (Spitzer et al., 1988) or panD (West et al., 1985) result in a partial requirement for pantothenate. To demonstrate that the TnlO insertion in strain TV145 did not inactivate panE, the insertion was introduced into the ilvC strain SA2595 by transduction. The recombinants' nutritional requirements were satisfied by supplementation with isoleucine and valine ; the pantothenate requirement of the double mutant remained leaky. This indicated that the insertion did not inactivate panE since panE iZvC strains display an absolute growth requirement for isoleucine, valine and pantothenate (Primerano & Burns, 1983) .
Genetic analysis of suppressor mutations The Pan character of the suppressor mutations was temperature dependent. At 30 "C and 37 "C strains harbouring these mutations were leaky; at 42 "C the auxotrophy was tight enough to perform two-factor crosses selecting for prototrophy. The results of such crosses (data not shown) indicated that the three suppressor mutations were tightly linked to each other. To determine the chromosomal location of these insertions, transductional crosses were performed utilizing strain TVl35 as the donor and strains carrying drug-resistance mutations in the vicinity of the panBDC region at minute 5 as recipients. A map of the relevant region is shown in Fig. 5 . When strain TE341 (zae : :TnlOd-Cam) was the recipient, 45% (9 of 20) of the tetracyclineresistant recombinants, tested after single-colony purification, were cotransduced to chloramphenicol sensitivity. Forty similarly purified tetracycline-resistant transductants were analysed from the cross in which strain TE162-5 (hemL335 : : MudJ) was the recipient; each recombinant maintained the kanamycin resistance characteristic of the hemL33.5 : : MudJ insertion. These data mapped the suppressor mutations to the major panBDC cluster.
Biochemical identification of the suppressor gene product
The map location and phenotypic characteristics of the suppressor alleles suggested that they were insertions in the panD gene. The product of this gene is the enzyme aspartate 1-decarboxylase (Cronan, 1980) . Extracts of the wild-type strain, LT2, had 16 U of aspartate 1-decarboxylase activity per mg protein. No activity (< 0.2 U per mg protein) was detected in extracts of the suppressor-bearing strains.
Degradation of 2-ketobutyrate by panD mutants
The ability of thepanD mutants to degrade 2-ketobutyrate in minimal medium was monitored at 30 "C. At this semipermissive temperature, defects in the mutants' growth were evident: generation times of 1 19,125 and 104 min were observed for strains TV 145, TV 159 and TV 160, respectively. This contrasts with shorter generation times observed for strain SMR102 (50 and 54 min in the presence and absence of pantothenate) and the mutants grown in pantothenatesupplemented medium (generation times of 61, 63 and 70 min for strains TV145, TV159 and TV160, respectively). When compared to the wild-type, each strain showed a marked inability to degrade accumulated 2-ketobutyrate (Fig. 6) .
R . A . LAROSSA A N D T . K . V A N D Y K DISCUSSION
Generation of leaky auxotrophy by insertion mutagenesis. Insertion mutations into structural genes usually result in null phenotypes. In addition to inactivation of the disrupted gene, polar effects upon downstream genes of an operon are common (Kleckner et al., 1977) . The question thus arises, How did leaky auxotrophic mutations arise by insertion of TnlO? A variety of possibilities exist. For example, polarity is not an absolute requirement of TnlO insertion since this transposon contains outward-reading, low-level promoter elements (Blazey & Burns, 1982; Ciampi et al., 1982) . Insertion of this transposon into an intercistronic region could thus result in decreased expression of a required product. Limiting expression could also be caused by mutational inactivation of a positive regulatory system (Berg & Berg, 1987; Reznikoff & Abelson, 1978) . Moreover, isoenzyme inactivation can also lead to a leaky auxotrophic phenotype if isoenzymes have overlapping functions that are carried out at different efficiencies. In comparison to the levels of structural components (such as lipids, nucleotides and amino acids) required for cellular growth, the necessary amount of catalytic cofactors and prosthetic groups is minimal. Depressed expression of a component involved in vitamin synthesis may thus result in a partial nutritional requirement while equivalent, low-level expression of a component involved in a pathway designed to accommodate large fluxes could result in a tight auxotrophy.
Sulphometuron methyl sensitivity of leaky auxotrophs. The sulphometuron methyl hypersensitivity of leaky auxotrophs could simply represent the combined result of two unrelated stresses, herbicide-triggered accumulation of 2-ketobutyrate and the biosynthetic limitation caused by TnlO insertion. Alternatively, the limited cofactor synthesis could act synergistically with the herbicide. A variety of arguments support the latter view.
First, sulphometuron methyl inhibits ALS (LaRossa & Schloss, 1984) . This enzyme requires thiamin pyrophosphate as a cofactor (Webb, 1984) . The in vivo potency of sulphometuron methyl is decreased by the presence of thiamin in the test medium (Table 2 ; LaRossa & Schloss, 1984). Conversely, an increased sensitivity to the herbicide is an expected result of a decreased pool of active ALS molecules; this can be accomplished by limiting the supply of its cofactor, thiamin pyrophosphate. This increased sensitivity is a property of the leaky thiamin auxotrophs described in this paper. Adenine potentiation of sulphometuron methyl action is consistent with this view since a purine biosynthetic intermediate is a precursor of the pyrimidine component of thiamin (Brown & Williamson, 1987) and flux through the purine pathway is subject to feedback inhibition by the end-products AMP and GMP (Neuhard & Nygaard, 1987) . Thiamin limitation, however, is not solely responsible for the synergistic inhibition of growth by sulphometuron methyl and adenine; thiamin addition stimulates growth in the presence of the two compounds, although not to the uninhibited rate (T. K. Van Dyk & R. A. LaRossa, unpublished).
Second, we have previously described that the accumulation of 2-ketobutyrate, caused by the inhibition of acetolactate synthase, is toxic. Catabolism of this compound by thiA : : TnlO strains is very inefficient when compared to that by the wild-type or by other herbicide-sensitive mutants arising from the same selection scheme (LaRossa et al., 1987; this work). A major pathway for the degradation of 2-ketobutyrate in S. typhimurium is illustrated in Fig. 7 . The first reaction in this pathway requires the cofactor forms of both thiamin and pantothenate. Thus a limiting supply of either thiamin pyrophosphate or pantothenate can prevent 2-ketobutyrate turnover and therefore increase the organism's sensitivity to sulp home turon methyl.
Next, two groups (Primerano & Burns, 1982; T. K. Van Dyk & R. A. LaRossa, unpublished) have demonstrated that elevated levels of 2-ketobutyrate interfere with the utilization of 2-ketoisovalerate in biosynthesis. This latter compound (Fig. 4) is the initial reactant in a converging branch of the pantothenate synthetic pathway. Flux through the other converging branch is compromised bypanD mutations. It is reasonable to speculate that the limited flux through the proposed minor pathway unaffected by the panD mutation would be sufficient to support growth only if the second branch from 2-ketoisovalerate was functioning optimally. Finally, this screen has not uncovered leaky auxotrophic mutations responsive to nutrients unrelated to 2-ketoacid metabolism (Van Dyk & I,aRossa, 1986; this study) . 'This suggests that all leaky auxotrophies are not sufficient to effect sulphometuron methyl sensitivity.
Genetics qf'thinniin Fio ynrliesis. The identification of the thi : : TnlO mutations as thiA alleles must be qualified. The gene en7yme relations of thiamin bioqynthesis are not well established. Moreover, the biosynthetic pathway for the synthesis of this vitamin remains to be elucidated (Brown & Williamson, 1987) . The two herbicide-sensitive, thiamin-requiring mutations map in an appropriate position at minute 89 on the chromoqome of S . typhimurium and are responsive to THIAZOLE. On this basis they are thought to be thiA alleles. This assignment, however, is tentative since the number of genes present in the thi cluster at minute 89 is unknown. It is possible that other genes in this under-studied cluster are involved in thiamin biosynthesis, since loci specifying synthesis ot' both the thiazole and pyrimidine precursors as well as their fusion are located in this region. Since another reported thi24 : :TnZO (Sanderson & Hurley, 1987) allele causes a tight auxotrophic reqnii en.ier7t ('T K . V?n Dyk, unpublished observations), this alternative must be conrideretl Synrhesis qf fi-olmine. /~-Alanine-requiring auxotrophic mutants with lesions in three distinct genetic loci at minutes 5, 79 and 89 on the genetic map of S . typhiniurium have been isolated following chemical rnutagenesis of E. coli and S. typhiniuriunt (Demerec et al., 1959; Cronan, 1980; Ortega et a l , 1975; West et d,, 1985; Spitier et al., 1988; Primerano & Burns, 1983 ).
Mutations at each locus share a common feature: their auxotrophic phenotypes are tighter at 42 "C than at 30 'C (West et NI., Spitzer et nl., 1988; Ortega et al., 1975) . These results are consistent with the suggestion that p-alanine is pioduced by a major and a minor pathway (Cronan, 1980; Slotnick & Weinfield, 1957) .
The proposed major pathway involves the aspartate-1 -decarboxylase-catalysed conversion of L-aspartate to p-alanine. This enzyme ha5 been purified from E. coli to apparent homogeneity (Williamson, 1985 ; Williamson & Brown, 1979) . This decarboxylase contains a pyruvoyl residue as a prosthetic group rather than the more common pyridoxal phosphate cofactor (Recsei & Snell, 1983) . The mechanism by which the pyruvoyl moiety becomes attached to the polypeptide chain of aspartate 1-decarboxylase is unknown (Williamson & Brown, 1979) . It is a formal, though unlikely (Recsei & Snell, 1983 ) possibility that some of the genes identified by mutations conferring p-nlanine auxotrophy are involved in the conversion of an inactive, precursor form of aspartate 1-decarbouylase to an active eniyme Gene-protein correspondences are known with varying degrees of certainty for the E. coli system. Chemically induced panD mutations of E. coli lack aspartate 1-decarboxylase activity and map in the majorpan cluster (Cronan, 1980) . Inactivation of the dfp locus of E. coli at minute 79 results in heat-sensitive P-alanine auxotrophy and inhibition of DNA synthesis at elevated temperature. In contrast to the panD strains, dfp mutants contain normal levels o f aspartate 1-decarboxylase (Spitzer et al., 1988) . The dfp gene encodes a flavoprotein o f unknown function (Spitzer & Weiss, 1985) .
In contrast, the biochemical genetics of the S. typhimurium system had not been investigated. P-Alanine auxotrophic mutations have been mapped to both the pan cluster at minute 5 (Primerano & Burns, 1983; West et al., 1985) and to minute 89 (Ortega et al., 1975) . Enzymic analyses of these mutations have not been reported. ThepanD alleles described in this report also map to minute 5. Strains bearing these insertion alleles were quite leaky and lacked aspartate 1 -decarboxylase activity.
Strains harbouring panD : : TnlO grew, though more slowly than the wild-type, on minimal medium at 30 "C and 37 "C. It is unlikely that such strains would have been scored as auxotrophs by other workers. Indeed, P-alanine-stimulated strains of S. typhimurium and E. coli have only been identified as secondary phenotypes of mutations modulating DNA synthesis (Spitzer et al., 1988) , pyrimidine catabolism (West et al., 1985) or sulphometuron methyl sensitivity (this work) ; after extremely harsh, nitrosoguanidine mutagenesis resulting in the formation of multiple auxotrophies (Ortega et al., 1975) ; or as derivatives of a strain defective in branchedchain amino acid synthesis (Primerano & Burns, 1983) .
The isolation ofpanD : : TnlO as a sulphometuron methyl sensitive allele is most informative. The leaky auxotrophic phenotype of this mutant demonstrates that the wild-type panD allele is stimulatory though not essential for growth on minimal medium. Moreover, the supposition that 2-ketobutyrate accumulation interferes with the flux of 2-ketoisovalerate into the pantothenate pathway ) is supported by the sulphometuron methyl sensitivity of panD : :TnlO strains. We propose that constriction in flux at any point in the pathway between 2-ketoisovalerate and coenzyme A will sensitize cells to the toxic effects of 2-ketobutyrate accumulation. Supporting this view, panD strains, like thiA mutants, are severely impaired in 2-ketobutyrate turnover. This suggests that 2-ketobutyrate degradation proceeds predominantly via coenzyme A dependent pathways as has been proposed previously . Moreover, aspC mutants limited in the ability to produce aspartate, and hence p-alanine, are sulphometuron methyl sensitive (Van Dyk & LaRossa, 1986) .
The isolation of sulphometuron methyl sensitive, thiamin and pantothenate bradytrophs reiterates that 2-ketobutyrate accumulation is toxic and provides a genetic demonstration o f in uiuo competition between 2-ketobutyrate and 2-ketoisovalerate. Finally, synthesis of coenzyme A appears to be blocked by 2-ketobutyrate accumulation. High levels of 2-ketobutyrate thus limit production of a cofactor required for the degradation of this intermediate. We suggest that inhibition of ALS results in a cascade ending in metabolic poisoning. 
